We investigate how the observed large-scale surface magnetic fields of low-mass stars (∼0.1 -2 M ), reconstructed through Zeeman-Doppler imaging (ZDI), vary with age t, rotation and X-ray emission. Our sample consists of 104 magnetic maps of 73 stars, from accreting pre-main sequence to main-sequence objects (1 Myr t 10 Gyr). For non-accreting dwarfs we empirically find that the unsigned average large-scale surface field |B V | is related to age as t −0.655±0.045 . This relation has a similar dependence to that identified by Skumanich (1972) , used as the basis for gyrochronology. Likewise, our relation could be used as an age-dating method ("magnetochronology"). The trends with rotation we find for the large-scale stellar magnetism are consistent with the trends found from Zeeman broadening measurements (sensitive to large-and small-scale fields). These similarities indicate that the fields recovered from both techniques are coupled to each other, suggesting that small-and large-scale fields could share the same dynamo field generation processes. For the accreting objects, fewer statistically significant relations are found, with one being a correlation between the unsigned magnetic flux Φ V and P rot . We attribute this to a signature of star-disc interaction, rather than being driven by the dynamo.
INTRODUCTION
Magnetic fields play an important role in stellar evolution. For low-mass stars, the magnetic field is believed to regulate stellar rotation from the early stages of star formation until the ultimate stages of the life of a star. In their youngest phases, the stellar magnetic field lines interact with accretion discs to prevent what would have been a rapid spin-up of the star, caused by accretion of material with high angular momentum and also the stellar contraction (e.g., Bouvier et al. 2013) . After the accretion phase is over and the disc has dissipated, the contraction of the star towards the E-mail: Aline.Vidotto@unige.ch zero-age-main sequence (ZAMS) provides an abrupt spin up. From that phase onwards, 'isolated' stars (single stars and stars in multiple systems with negligible tidal interaction, such as the ones adopted in our sample) slowly spin down as they age (e.g. Gallet & Bouvier 2013 ). This fact was first observed by Skumanich (1972, S72 , from now on), who empirically determined that the projected rotational velocities v sin(i) of G-type stars in the main-sequence (MS) phase decrease with age t as v sin(i) ∝ t −1/2 . This relation, called the "Skumanich law", serves as the basis of the gyrochoronology method (Barnes 2003) , which yields age estimates based on rotation measurements. The rotational braking observed by S72 is believed to be caused by stellar winds, which, outflowing along magnetic field lines, are able to efficiently re-move the angular momentum of the star (e.g., Parker 1958; Schatzman 1962; Weber & Davis 1967) .
Indicators of magnetic activity, such as surface spot coverage, emission from the chromosphere, transition region or corona, have been recognised to be closely linked to rotation (e.g., S72 ; Vilhu 1984; Noyes et al. 1984; Ayres 1997; Guedel 2007; Gondoin 2012; Reiners 2012) . However, the magnetic activity-rotation relation breaks for rapidly rotating stars, where the indicators of stellar magnetism saturate and become independent of rotation. A saturation of the dynamo operating inside the star, inhibiting the increase of magnetism with rotation rate, has been attributed to explain the activity saturation observed in low-period stars (Vilhu 1984) , but alternative explanations also exist (e.g., MacGregor & Brenner 1991; Jardine & Unruh 1999; Aibéo, Ferreira & Lima 2007) .
The average unsigned surface magnetic field |BI | , as measured by Zeeman-induced line broadening of unpolarised light (Stokes I), also correlates with rotation, in a similar way as the indicators of magnetic activity do (i.e., as one goes towards faster rotating stars, |BI | increases until it reaches a saturation plateau; Reiners, Basri & Browning 2009) . Because |BI | is the product of the intensityweighted surface filling factor of active regions f and the mean unsigned field strength in the regions BI ( |BI | = f BI ), it is still debatable whether the saturation occurs in the filling factor f of magnetically active regions or in the stellar magnetism itself or in both (Solanki 1994; Saar 1996 Saar , 2001 Reiners, Basri & Browning 2009) .
Although Zeeman broadening yields estimates of the average of the total (small and large scales) unsigned surface field strength, it does not provide information on the magnetic topology . For that, a complementary magnetic field characterisation technique, namely Zeeman-Doppler Imaging (ZDI, e.g., Donati & Brown 1997) , should be employed. The ZDI technique consists of analysing a series of circularly polarised spectra (Stokes V signatures) to recover information about the large-scale magnetic field (its intensity and orientation). In this work, we take advantage of the increasing number of stars with surface magnetic fields mapped through the ZDI technique and investigate how their large-scale surface magnetism varies with age, rotation and X-ray luminosity (an activity index). In the past decade, ZDI has been used to reconstruct the topology and intensity of the surface magnetic fields of roughly one hundred stars (for a recent review of the survey, see Donati & Landstreet 2009) . Since the ZDI technique measures the magnetic flux averaged over surface elements, regions of opposite magnetic polarity within the element resolution cancel each other out (Johnstone, Jardine & Mackay 2010; Arzoumanian et al. 2011) . As a consequence, the ZDI magnetic maps are limited to measuring large-scale magnetic field.
Because the small-scale field decays faster with height above the stellar surface than the large-scale field (e.g., Lang et al. 2014) , only the latter permeates the stellar wind. If indeed magnetised stellar winds are the main mechanism of removing angular momentum from the star in the MS phase, one should expect the large-scale field to correlate with rotation and age. Likewise, a correlation between rotation and magnetism should also be expected if rotation is the driver of stellar magnetism through dynamo field generation processes. The interaction between magnetism, rotation and age is certainly complex and empirical relations, such as the ones derived in this work, provide important constraints for studies of rotational evolution and stellar dynamos. This paper is organised as follows. We present our sample of stars in Section 2. Section 3 shows the empiricallyderived trends with magnetism we find within our data. In Section 4, we discuss how the results obtained using the Zeeman broadening technique compare to the ones derived from Zeeman-Doppler Imaging (Section 4.1), we investigate the presence of saturation in the large-scale field (4.2), analyse whether stars hosting hot-Jupiters present different magnetism compared to stars lacking hot-Jupiters (4.3) and discuss the trends obtained for the pre-main sequence (PMS) accreting stars (4.4). In Section 5, we discuss the impact of our findings as a new way to assess stellar ages and as a valuable observational input for dynamo studies and stellar mass loss evolution. Our summary and conclusions are presented in Section 6.
THE SAMPLE OF STARS
The stars considered in this study consist of 73 late-F, G, K, and M dwarf stars, in the PMS to MS phases. All have had their large-scale surface magnetic fields reconstructed using the ZDI technique, with some having been observed at multiple epochs, as listed in Table 1 . The magnetic maps, 104 in total, have either been published elsewhere (Donati et al. 1999 (Donati et al. , 2003 (Donati et al. , 2008a (Donati et al. ,c,b, 2010a (Donati et al. ,b, 2011a (Donati et al. ,b,c, 2012 Marsden et al. 2006 Marsden et al. , 2011 Catala et al. 2007; Morin et al. 2008a Morin et al. ,b, 2010 Petit et al. 2008 Petit et al. , 2009 Hussain et al. 2009; Fares et al. 2009 Fares et al. , 2010 Fares et al. , 2012 Fares et al. , 2013 Morgenthaler et al. 2011 Morgenthaler et al. , 2012 Waite et al. 2011b; do Nascimento et al. 2013) or are in process of being published (Folsom et al. 2014 in prep, Petit et al. 2014 in prep, Waite et al. 2014 . Although the reconstructed maps provide the distribution of magnetic fields at the stellar surface, in this paper we only use the unsigned average field strengths |BV | (i.e., integrated over the surface of the star).
1 In the present work, |BV | is calculated based on the radial component of the observed surface field, as we are mainly interested in the field associated with the stellar wind . We also consider the Sun in our dataset. For the solar magnetic field, we use the magnetograms from NSO -Kitt Peak data archive at solar maximum and minimum (Carrington rotations CR1851 and CR1907, respectively). To allow a direct comparison of the solar and stellar magnetic fields, we restrict the reconstruction of the solar surface fields to a maximum order of lmax = 3 of the spherical harmonic expansion (note, for instance, that modes with l 3 already contain the bulk of the total photospheric magnetic energy in solar-type stars, Petit et al. 2008) . Table 1 lists the general characteristics of the stars considered here, including quantities such as age t (whenever available), rotation period Prot, |BV | , Rossby number Ro, X-ray luminosity LX and LX /L bol , where L bol is the bolometric luminosity. The measurement errors associated with these quantities are described in Appendix A. Among the 73 stars in our sample, 61 objects have age estimates (totaling 90 maps), which were collected from the literature and are based on different methods. For the PMS accreting stars, ages were derived using the stellar evolution models of Siess, Dufour & Forestini (2000) , as derived in Gregory et al. (2012) and Donati et al. (2013) . For the remaining stars, methods used for deriving ages include, for example, isochrones, lithium abundance, kinematic convergent point, gyrochronology, chromospheric activity. Note also that some of the stars in our sample are members of associations and open clusters and have, therefore, a reasonably wellconstrained age (often derived with multiple methods). The last column of Table 1 lists the references for all the values adopted in this paper. In particular, the references from which ages were obtained are presented in boldface.
In order to investigate possible correlations in our data, we perform power-law fits of any two quantities x = log(X) and y = log(Y ) (fitted through linear least-squares fits to logarithms), such that y = q + px (or Y = 10 q X p ), with q and p being the coefficients derived in the linear regression. These regressions were obtained using the bisector ordinary least-squares method (Isobe et al. 1990 ), which treats the x and y variables symmetrically (Jogesh Babu & Feigelson 1992) . We opted such a fitting method because, for the quantities analysed here, the functional dependences of x and y are not clear.
Before we present the analyses of the trends with magnetism, it is useful to compare how our data relate to the Skumanich law, where rotation period Prot is related to age as Prot ∝ t 1/2 or t ∝ P 2 rot (see Figure 1 ). The power-law indices p obtained for the non-accreting (solid line) and accreting (dashed line) stars are shown in Table 2 , along with the Spearman's rank correlation coefficient ρ and its probability under the null hypothesis (i.e., uncorrelated quantities). For the non-accreting stars, we find that t ∝ P 1.96±0.15 rot (ρ = 0.76), which is consistent with the Skumanich law. Note that the accreting stars (green points) follow a different behaviour to the remaining objects in our sample and, because of that, we treat them as a different population throughout this paper. The physics of accreting stars is more complex than that of the disc-less stars, as the former interact with their accretion discs through stellar magnetic field lines that thread their discs (for a recent review see Bouvier et al. 2013 and references therein). As a consequence, the presence of the disc controls the rotation of these stars (Cieza & Baliber 2007) . In addition, the young PMS stars will continue to contract once the disc has dispersed and, consequently, will spin up, while evolving towards the ZAMS. Because not enough time has passed since their formation from the gravitational collapse of their natal molecular clouds, they still have imprinted on them the initial conditions of their rotation and, therefore, possess a large spread in the Prot-t diagram.
TRENDS WITH MAGNETISM
In this Section, we investigate possible trends between the following quantities: |BV | , t, Prot, Ro, LX , LX /L bol and unsigned magnetic flux ΦV . Table 2 summarises the results of our fits. It is worth noting that, when analysed individually, each subset of objects (as presented in Figure 1 . Correlation between age t and rotation period Prot for the stars in our sample, indicating that the non-accreting stars follow the Skumanich law (t ∝ P 2 rot ). The solid (dashed) line is a power-law fit to our sample of non-accreting (accreting) objects. A typical error bar is indicated in grey (also in Figures 2 to 6 ).
not show correlations with high statistical significance due to their narrow range of parameters (e.g., ages, rotation periods). However, trends are more robust when the different subsets are combined together and the dynamic range increases. For the non-accreting stars, all the relations have high statistical significance, with usually large Spearman's rank correlation coefficients and low probabilities of there not being correlations (< 0.01 %). On the other hand, the relations we derive for the accreting stars are significantly poorer, with |ρ| 0.6 and usually high probabilities of these quantities not being correlated, except for ΦV versus Prot. The poorer fits are a result of the narrower range of parameters of this subset and also due to its relatively small number of data points (11 stars and 16 magnetic maps). These objects will be discussed in more detail in Section 3.2. Next, we discuss a few selected trends for the non-accreting population.
Non-accreting stars

Correlation with age
In his seminal paper, S72 predicted that magnetic fields decay as the inverse square of age, based on the age-rotation relation and further assuming that surface fields have a linear dependence with the rotation of the star (cf. Section 3.1.2). In order to test this prediction, we show in Figure 2 the trend we find between |BV | and t for the stars in our sample. The correlation we found holds for more than two orders of magnitude in |BV | and three orders of magnitude in t for the non-accreting stars. From our power-law fit (solid line), we find that |BV | ∝ t −0.655±0.045 , which has a similar agedependence as the Skumanich law (Ω ∝ t −0.5 ) and supports the magnetism-age prediction inferred by S72 that there is magnetic field decay as the inverse square-root of age. A similar power-law dependence is found between the unsigned surface flux ΦV = |BV | 4πR 2 and age (ΦV ∝ t −0.622±0.042 ). Figure 2 . Correlation between the average large-scale field strength derived from the ZDI technique |B V | and age t, for the non-accreting stars in our sample. The trend found (solid line) has a similar age dependence as the Skumanich law (Ω ∝ t −0.5 ). This relation could be used as an alternative method to estimate the age of stars ("magnetochronology").
Correlation with rotation period
Stellar winds are believed to regulate the rotation of MS stars. The empirical Skumanich law, for example, can be theoretically explained using a simplified stellar wind model (Weber & Davis 1967) , if one assumes that the stellar magnetic field scales linearly with the rotation rate of the star Ω . To investigate whether our data support the presence of such a linear-type dynamo (B ∝ Ω ∝ P −1 rot ), we present how |BV | scales with Prot in Figure 3 . Our results show that |BV | ∝ P −1.32±0.14 rot (|ρ| = 0.54), indicating that our data supports a linear-type dynamo of the large-scale field within 3σ. A similar nearly linear trend is found between the unsigned surface flux ΦV and Prot, with a larger correlation coefficient |ρ| = 0.72.
Although the correlation between |BV | and Prot indeed exists (with a negligible null-probability), this relation has a significant spread. One possible explanation for this spread could be that in the Weber-Davis theory of stellar winds, a very simplistic field geometry is assumed (a split monopole) with the entire surface of the star contributing to wind launching. However, the complexity of the magnetic field topology can play an important role in the rotational evolution of the star (e.g., Vidotto et al. 2009 Vidotto et al. , 2012 Cohen et al. 2010) . ZDI observations have shown that stellar magnetic field topologies can be much more complex than that of a split monopole. In addition, numerical simulations of stellar winds show that part of the large-scale surface field should consist of closed field lines, which do not contribute to angular momentum removal (e.g., Vidotto et al. 2014) . The large spread in the |BV | -Prot relation could therefore be explained by the differences in magnetic field topologies present in the stars of our sample.
Correlation with Rossby number
Another possibility for the spread found in the relation between |BV | and Prot can be due to the fact that we are considering a broad range of spectral types. Traditionally, the use of Rossby number (Ro) instead of Prot allows comparison across different spectral types, reducing the spread commonly noticed in trends involving Prot. Ro is defined as the ratio between Prot and convective turnover time τc. To calculate Ro for the non-accreting stars, we used the theoretical determinations of τc from Landin, Mendes & Vaz (2010) . Appendix A5 shows how our results vary if we adopt different approaches for the calculation of τc. For the 8 stars that have masses outside the mass interval for which τc was computed in Landin, Mendes & Vaz (2010, 0.6 M /M 1.2), we adopt the following approximation. Stars with a given age t and mass M 0.6M were assumed to have τc = τc(M = 0.6M , t) and for M 1.2M were assumed to have τc = τc(M = 1.2M , t). As a result, for the former (latter) group, the calculated τc is a lower (upper) limit, while Ro is an upper (lower) limit. In this work, we do not assign errors to Rossby numbers, but we note that these values are model-dependent. For the accreting stars, Ro was derived from an update to the models of Kim & Demarque (1996) , as detailed by Gregory et al. (2012) .
In general, all our fits against Ro have larger unsigned Spearman's rank correlation coefficients than fits against Prot. Figure 4a shows |BV | as a function of Ro, where we find that |BV | ∝ Ro −1.38±0.14 . This relation will be further discussed later on Section 4.1. Additionally, we found a similar power-law dependence between the magnetic flux ΦV and Ro (Figure 4b ): ΦV ∝ Ro −1.19±0.14 . Right/left arrows in Figure 4 denote the cases with lower/upper limits of Ro.
We note that the correlation between |BV | and Ro indeed has less scatter than that between |BV | and Prot shown in Figure 3 . In spite of the tighter correlation, a noticeable scatter still exists, which, as discussed in Section 3.1.2, could be caused by different field topologies. It is also worth noting that the field topology and intensity can change over a stellar magnetic cycle and this fact alone can also be a source of scatter in our relations (although it is possibly not the dominant source). For the large-scale field of the Sun, a variation of a factor of ∼ 2 in |BV | is observed between the two maps used in this work, when the Sun changed to a simplified, large-scale dipolar topology at solar minimum (CR 1907) from a more complex one at maximum (CR 1851). For stars like HD 190711, the variation of |BV | among the maps considered in this study is almost a factor of 3.
Correlations with X-ray luminosity
Another interesting trend we found in our data is between the X-ray luminosity LX and ΦV ( Figure 5 ). For the nonaccreting stars we found that LX ∝ Φ 1.80±0.20 V . If we include the accreting objects, the slope between LX and ΦV flattens and we find that L (all) X ∝ Φ 0.913±0.054 V (fit not shown in Figure 5 ).
We also investigate the trend between the ratio of Xray-to-bolometric luminosity LX /L bol and the large-scale magnetic field. Considering the dwarf stars represented by the filled symbols in Figure 6 , we found that LX /L bol ∝ |BV | 1.61±0.15 (solid line). Figure 1 shows that the accreting stars form a different population compared to the disc-less stars. Besides the presence of the disc regulating the rotation of accreting PMS stars, they are also still contracting towards the ZAMS and, therefore, their radii and internal structures evolve considerably over a short timescale (compared to their MS lifetime). While the non-accreting stars show significant correlations in almost all the trends investigated in Table 2 , the same is not true for the accreting stars. With the exception of the correlation between ΦV and Prot (discussed below), all the other trends investigated resulted in relatively low cor- relation coefficients and/or relatively high null-probabilities (> 0.01%).
Accreting PMS stars
In accreting systems, the polar strength of the dipole component B dip is particularly relevant for determining the disc truncation radius and the balance of torques in the stardisc system (e.g., Adams & Gregory 2012). Gregory et al. (2012) and, more recently confirmed by Johnstone et al. (2014) , found that B dip is correlated with Prot, such that stars with weak dipole components tend to be rotating faster than stars with strong dipole components. They attributed this correlation as a signature of star-disc interaction. Using the data for B dip listed in Gregory et al. (2012) , Donati et al. (2013) and Johnstone et al. (2014) together with the data presented in Table 1 , we found that B dip ∝ P
2.05±0.41 rot
, with a Spearman's rank correlation coefficient of ρ = 0.83 and a probability of the null hypothesis that no correlation exists of 0.01%. In addition, we also found that ΦV ∝ B
1.07±0.22 dip
(ρ = 0.90). These two strong correlations directly explain the strong correlation reported in Table 2 between ΦV and Prot, where we found that ΦV ∝ P
2.19±0.43 rot
, when the error in ΦV is properly accounted for. We caution, however, that these correlations are based on a small sample of accreting stars and more data are required for confirmation.
Accreting PMS stars with the simplest magnetic fields, and the largest magnetic flux, are therefore the slowest rotators. The correlations reported here are likely a manifestation of the star-disc interaction, as suggested by Gregory et al. (2012) . Stars with more organised large-scale magnetospheres with stronger dipole components are able to truncate their discs at larger radii, where the Keplerian spin rate of the inner disc (and that of the star if they exist in a disclocked state) is slower than it would be at the smaller truncation radii expected for stars with more complex magnetospheres with weaker dipole components. The latter sample of stars, with their lower magnetic flux ΦV , would therefore be faster rotators.
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Note that, because most PMS accreting stars observed to date have Ro 0.1 and are in the saturated regime, their dynamo-generated magnetic fields are not expected to depend on their rotation rates. The correlation between ΦV and Prot we observe is what we would expect if the rotation rates of accreting PMS stars are being dominated by star-disc interaction. In other words, the stellar magnetic field (via star-disc interaction) sets the rotation rate of accreting PMS stars, rather than the rotation rate setting the magnetic flux/strength through the dynamo field generation process. Or, at the very least, star-disc effects dominate any underlying dynamo relations at this early phase of stellar evolution.
DISCUSSION
Comparison between results from Zeeman broadening and Zeeman-Doppler imaging
In this Section, we compare trends with magnetism. Stellar magnetic fields were obtained by two different techniques. The Zeeman-induced line broadening of unpolarised light (Stokes I), or Zeeman broadening (ZB) technique, yields estimates of the average of the total unsigned surface field strength (small-and large-scale structures), without providing information of the topology of the field. The Zeeman Doppler imaging (ZDI) technique (Stokes V), on the other hand, is able to reconstruct the intensity and topology of the stellar magnetic field, but cannot reconstruct the smallscale field component, which is missed within the resolution element of the reconstructed ZDI maps ).
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These techniques are, nevertheless, complementary. The ZB technique is limited to slowly rotating objects (v sin(i) 20 km s −1 ), as broadening of spectral lines caused by rotation makes it more difficult to disentangle broadening caused by the Zeeman effect. The ZDI measurements, on the other hand, favour rapidly rotating objects (a few tens of km s −1 , although recently ZDI measurements of more slowly rotating objects have become available). As a result, it is not always possible to obtain field measurements using both techniques for the same object (see Morin 2012 , for a more in depth discussion). Because of that, in this Section, instead of comparing results of both techniques on a case-by-case basis, we compare the results achieved from these techniques on samples of stars (which in general do not have overlapping members). The comparison presented next is summarised in Table 3 . The dotted lines in Figures 3 to 6 indicate the slopes found from ZB measurements, assuming arbitrary vertical offsets.
Observations of magnetic fields of about a dozen stars using ZB have revealed that |BI | ∝ P −1.7 rot (Saar 1996) and, in terms of Rossby numbers, |BI | ∝ Ro −1.2 (Saar 2001 ). In both works, a mix of saturated and unsaturated stars are considered, which implies that if one were to only consider the stars in the unsaturated regime, the slopes would be steeper than the ones derived by Saar (1996 Saar ( , 2001 . Using the ZDI measurements of the large-scale field |BV | , we found for the non-accreting stars that |BV | ∝ P −1.32±0.14 rot and |BV | ∝ Ro −1.38±0.14 (the latter considering only points with Ro 0.1, corresponding to the unsaturated stars). The similarities in the dependences of |BI | and |BV | with Prot and Ro might indicate that fields measured by ZDI (large scale) and ZB (large and small scale) are coupled to each other (see also Lang et al. 2014 ). This apparent coupling, therefore, might indicate that small-and 3 The reconstructed fields are expressed as a spherical-harmonic expansion. Note that, the faster the rotation of the star, the larger is the spatial resolution. As a consequence, the ZDI reconstruction technique is able to recover magnetic fluxes at high order l of the spherical harmonics expansion for faster rotating objects (see Hussain et al. 2009 , for a detailed analysis of the effects of resolution on what is recovered in the ZDI maps). In our sample, the maximum value of l varies from lmax ∼ 2 (e.g., for HD 76151, Petit et al. 2008) to ∼ 30 (e.g., for HD 141943, Marsden et al. 2011) . To verify the existence of a possible bias in the reconstructed ZDI field with spatial resolution, we have recalculated |B V | for all the objects taking into account only the lowest orders of l. We adopted l cutoff = min(5, lmax) and recomputed the power-law indices p for all the relations presented in Table 2 . The recalculated p are consistent within the fitting errors to what is presented in Table 2 . The similarity between the relations when considering |B V | (l cutoff ) and |B V | (lmax) is due to the fact that the largest powers in the harmonic expansions are in the low-l modes. This indicates that the different spatial resolution of the data considered here does not generate bias in the derived |B V | and, consequently, that our derived relations in Table 2 are robust.
large-scale fields share the same dynamo field generation processes, at least for stars in the unsaturated regime.
Another relevant comparison is the one between X-ray emission and magnetism as derived by ZB and ZDI (Figure 5) . Pevtsov et al. (2003) found that L (all) X ∝ Φ
1.13±0.05 I
, where ΦI = |BI | 4πR 2 is the unsigned magnetic flux derived from ZB. In this relation, Pevtsov et al. (2003) considered magnetic field observations of the Sun (quiet Sun, Xray bright points, active regions, and integrated solar disk), dwarf stars and PMS accreting stars, spanning about 12 orders of magnitude in magnetic flux. When we include all the objects in our sample, we found that L (all) X ∝ Φ 0.913±0.054 V , consistent to the nearly linear trend found by Pevtsov et al. (2003) . When considering only the sample of 16 G, K and M dwarf stars (i.e., no solar data nor accreting PMS stars), Pevtsov et al. (2003) found that L ), based on a larger sample of 61 dwarf stars 4 . Because of the relatively large errors in the power-law exponent of these relations, within 3σ they are still consistent with each other. This is a point worthy of further investigation. Finding a different power law for ΦV and ΦI may shed light on how the small-scale and large-scale field structures contribute to LX . By reducing the errors in the power-law fits (e.g., increasing the dynamic ranges of the fits, in particular in the ZB one), it would be possible to assess whether these relations are indeed consistent with each other.
Finally, in Figure 6 we showed that LX /L bol ∝ |BV | 1.61±0.15 for the unsaturated stars. To the best of our knowledge, there is no such correlation constructed for |BI | . We therefore combined the results of Saar (2001 Saar (2001) could be steeper if only the unsaturated stars were considered. Therefore, the slope of 2.25 we derive is an upper limit. Although we found a less steep dependence of LX /L bol with |BV | than with |BI | , given the uncertainties involved in the determination of these slopes, they can be considered consistent with each other. Unfortunately and in particular because of the small number of unsaturated stars with available |BI | measurements, it is still not possible to ascertain how large-and small-scale fields contribute to X-ray emission.
Saturation
Stars in the saturated regime show similar levels of X-rayto-bolometric luminosity. In X-rays, saturation occurs for stars with Ro 0.1 (e.g., James et al. 2000; Pizzolato et al. 2003; Wright et al. 2011) . In terms of their magnetism, there is evidence that the total field |BI | also saturates for Ro 0.1 (Reiners, Basri & Browning 2009 ) and it would be interesting to investigate whether saturation is also present in the large-scale magnetic field |BV | . In Figure 4a , we also present the remaining M dwarf stars, without age estimates (open symbols), collected from the Table 3 . Comparison between trends found using Zeeman Doppler Imaging (ZDI, this work) and Zeeman broadening (ZB) measurements for stars in the unsaturated regime. References for the latter are provided in the last column.
From ZDI (this work)
From ZB Reference
Saar (2001); Wright et al. (2011) samples in Donati et al. (2008a) and Morin et al. (2008b Morin et al. ( , 2010 . They are in the X-ray saturated regime, with small Ro (Ro taken from Donati et al. 2008a; Morin et al. 2008b Morin et al. , 2010 . It seems that these objects show different levels of saturation of |BV | , with the mid-M dwarfs (green circles) saturating at log( |BV | /[G]) ∼ 2.6 while the early Ms (blue squares) at log( |BV | /[G]) ∼ 1.7 (horizontal dashed lines in Figure 4a ). Donati et al. (2008a) suggested that the step in the saturation level between early-Ms and mid-Ms is caused by different efficiencies at producing large-scale versus smallscale fields, where rapidly-rotating mid-M dwarfs generate fields on larger spatial scales than early-M dwarfs (see also , where a direct comparison between |BV | and |BI | was performed for a small sample of M dwarf stars). The saturation of late-M dwarfs (red circles), on the other hand, was shown to be divided into two distinct categories, either more similar to the saturation level of early-Ms or that of mid-Ms (Morin et al. 2010) . Although in Donati et al. (2008a) , and Morin et al. (2010) the three components of the reconstructed ZDI field were considered (radial, azimuthal and meridional) and in the present work we only focus on the radial component, the trends obtained in Figure 4a are essentially the same as those discussed by these authors. A unified saturation plateau for Ro 0.1 is observed if the magnetic flux ΦV is considered instead of the magnetic field intensity |BV | (Figure 4b ). This occurs at log (ΦV /[Mx]) ∼ 24.25. There is a spread in this plateau, in particular caused by the late-M dwarfs (red circles). This spread has also been observed in X-rays, for objects later than M6.5 (Cook, Williams & Berger 2014) . The saturation of ΦV has not been recognised before. Observations of more objects at low Ro are desirable to provide better constraints on this saturation.
In Figure 6 , we investigated how LX /L bol varied with magnetism. Over-plotted to Figure 6 are the remaining M dwarf stars, without age estimates (open symbols), from the samples in Donati et al. (2008a) and Morin et al. (2008b Morin et al. ( , 2010 . The saturation value of log(LX /L bol ) = −3.13 ± 0.08, derived from the rotation-activity study performed by Wright et al. (2011) , is shown as a dashed line. We see that the mid-and late-M dwarf stars approximately lie along this plateau. We did a similar analysis between LX /L bol and magnetic flux ΦV and found that in this case, the plateau disappears as early-and mid-M dwarfs lie approximately along the same trend of LX /L bol and ΦV as the remaining objects (LX /L bol ∝ Φ
1.82±0.18 V
). Figure 7 shows a possible interpretation of our results, where we show a three-dimensional sketch of LX /L bol , |BV | and Ro. In this sketch, Figures 4 ( |BV | versus Ro) Figure 7 . The activity relation is a complex function of many variables, such as age, mass, rotation and magnetism. Here we present a sketch in the three-dimensional space of { |B V | , Ro, L X /L bol }, presenting a possible interpretation of how these quantities are related to each other (blue and red stripes). Figures 4 ( |B V | versus Ro) and 6 (L X /L bol versus |B V | ) are projections of this multi-dimensional distribution, as is the well-known relation between L X /L bol and Ro. These three projections are illustrated by dashed lines. The saturation plateaus seen in the projections form a saturation 'plane' (grey retangular box) in the three-dimensional view, where objects of different masses are located at different regions (blue stripes).
and 6 (LX /L bol versus |BV | ) are projections of a multidimensional distribution, as is the well-known relation between LX /L bol and Ro. These projections are illustrated by dashed lines. According to our interpretation, the saturation plateau is actually a 'plane' (grey retangular box), where objects of different internal structures (i.e., different masses) are located at different regions (drawn as blue stripes in our sketch). Each one of these stripes gives rise to the massdependent plateaus in the projected plane of { |BV | , Ro} (cf. Figure 4) and it also accounts for the shift in |BV | observed for the mid-M dwarfs in the projected plane of {LX /L bol , |BV | } (cf. Figure 6 ). The unsaturated stars consist of a tighter distribution of points (solid red stripe). In Figure 7 , we place our points in the three-dimensional space of { |BV | , Ro, LX/L bol }, but it is worth noting that the activity relation is a function of other quantities as well, such as, age and mass.
Stars with hot Jupiters
Stars with close-in massive planets (or "hot Jupiters", hJs) can experience strong tidal forces that may affect their rotation rates. It is believed that some stars that harbour hJs might have spun-up as a consequence of inward planetary migration (Lin, Bodenheimer & Richardson 1996; Gu, Lin & Bodenheimer 2003; Pont 2009; Brown et al. 2011) . Among the stars in our sample, 7 of them host hJs (12 ZDI maps shown as orange symbols in our figures). From Figure 3 , we note that these stars do not seem to have magnetic and rotation properties that differ from the remaining population of disc-less stars. Fares et al. (2013) also compared the large-scale magnetic topology of hJ-host stars adopted in our sample with that of stars without detected hJs and showed that both groups have similar magnetic field topologies.
Our findings suggest that the planets orbiting the h-J hosts in our sample might not be affecting significantly the rotation nor the large-scale magnetism of their host stars. A possible reason for this might be that tides in the systems analysed here are too weak to spin-up the host star (Lanza 2010) and, consequently, to change its magnetic properties. Alternatively, if these planets were at some point in the past able to affect the rotation of the star, the reaction of the dynamo should have occurred in a relatively short timescale.
It is also worth pointing out that the h-J hosts seem to be systematically shifted towards lower |BV | values at a given age compared to solar-like stars (Figure 2 ). This is likely to be a bias from planet search surveys, which prioritise targets with lower activity and, therefore, lower magnetism.
Accreting PMS stars
For accreting PMS stars, Johns-Krull (2007) found no correlation between any magnetic and stellar/dynamo parameters 5 , and in particular, found no correlation between the magnetic flux ΦI , estimated from the average surface magnetic field as calculated from ZB measurements, and Prot. Out of the parameters that we have considered in Table 2 , the only statistically significant correlation we have found for accreting PMS stars is between the magnetic flux ΦV , derived from the magnetic maps obtained through ZDI, and Prot. As discussed in Section 3.2, this is likely being driven by the star-disc interaction, which is controlled by the largescale field topology probed with ZDI. ZB studies do not give 5 Yang & Johns-Krull (2011) also found no correlations between the magnetic and dynamo parameters when considering PMS stars in the Orion Nebula Cluster (ONC), the TW Hydrae association, and the same stars from Taurus considered by JohnsKrull (2007) . A comparison of their sample of ONC stars with the catalog of Hillenbrand et al. (1998) reveals it to be a mixture of both accreting and non-accreting PMS stars. However, Yang & Johns-Krull (2011) do find a reduction in Φ I with age which they attribute to the decrease in stellar radius as PMS contract towards the ZAMS. We do not find any statistically significant correlation between Φ V and age for our population of PMS stars (see Table 2 ). This may be because our sample size is too small (16 magnetic maps of 11 different accreting PMS stars) compared to the 31 stars considered by Yang & Johns-Krull (2011) . Likewise, Johns-Krull (2007) found no correlation between Φ I and t in his smaller sample of 14 accreting PMS stars.
access to the large-scale field topology, but are sensitive to the entirety of the stellar surface magnetic field, including the small-scale closed field regions that play no part in the star-disc interaction. The large-scale stellar magnetic field, in particular the dipole component B dip of the multipolar magnetosphere, is the most important in terms of controlling the interaction with the disc (e.g. Adams & Gregory 2012; Gregory et al. 2012; Johnstone et al. 2014) ; B dip can only be determined from ZDI studies. Therefore, the lack of correlation between ΦI and Prot does not pose a problem for our argument that the clear correlation between ΦV and Prot reported in this paper is driven by magnetic star-disc interaction.
MAGNETOCHRONOLOGY: MAGNETISM AS A NEW WAY TO ASSESS STELLAR AGE
One of our most interesting findings is the empirical trend between large-scale magnetism and age. Age is one of the most fundamental stellar parameters. However, the task of measuring ages is a very difficult one, with several methods having been used (see Soderblom 2010a; Soderblom et al. 2013 , for recent reviews). For example, by solving the equations of the internal structure of the star, stellar evolution codes can be used as a tool to determine stellar age, from observational quantities, such as effective temperatures and luminosities. As in the MS phase, these parameters do not change significantly, isochrone dating is more unreliable for more evolved MS stars. The relation found between Prot and age first recognised by S72 has served as the basis of the gyrochronology method, which is able to provide stellar age estimates from rotation measurements (Barnes 2003; Barnes & Kim 2010) . For young objects, the presence of lithium can constrain ages (Soderblom 2010b) . Asteroseismology can also provide a means to derive stellar age (Christensen-Dalsgaard 1988; Otí Floranes, Christensen-Dalsgaard & Thompson 2005) , although this method has been more widely applied to bright stars. Chromospheric activity can also be used as an astrophysical clock, although it seems to be more robust for objects with ages 2 Gyr (Pace 2013) . The empirical relation that we identified between the large-scale magnetic fluxes and age (Figure 2) can be used as an alternative method to estimate the age of stars. However, the relatively large spread of this correlation implies that this method, similarly to other age-dating methods, would carry significant imprecisions in age determination. Moreover, when compared to photometric measurements of rotation periods, the "magnetochronology" method is more expensive in terms of observing time and field reconstruction than the gyrochronology method.
Our empirical trends are also relevant for investigations of rotational evolution of low-mass stars, as they provide important constraints on the evolution of the large-scale magnetism of cool stars, as well as their dependence on stellar rotation. For example, the relations |BV | versus t and |BV | versus Ro can be implemented in models investigating the evolution of mass and angular momentum loss (e.g., Gallet & Bouvier 2013). These relations also provide important constraints for stellar dynamo studies.
SUMMARY AND CONCLUSIONS
In this paper, we investigated how the large-scale surface magnetic fields of cool dwarf stars, reconstructed using the ZDI technique, vary with age, rotation period, Rossby number and X-ray luminosity. Our sample consists of 73 stars in the mass range between 0.1 and 2.0 M and spans about 4 orders of magnitude in age (from a Myr to almost 10 Gyr). As some of the stars have magnetic maps that were obtained at multiple observation epochs, our sample consists of 104 data points, including some PMS objects with ongoing accretion. In order to separate the effects that accretion/PMS contraction might play on the rotational evolution of the stars, we have separated our sample into two populations.
For the population of accreting stars, we find few statistically significant correlations, except for the correlation between the unsigned magnetic flux ΦV and Prot (and between |BV | and the polar strength of the dipole component B dip and ΦV versus B dip ). We attributed these correlations to a signature of star-disc interaction rather than being caused by the underlying dynamo field generation process.
For the population of non-accreting stars, we showed that their unsigned large-scale magnetic field strength |BV | is related to age t as |BV | ∝ t −0.655±0.045 , with a high statistical significance (Spearman's rank correlation coefficient of −0.79 and a very small null hypothesis probability). This relation presents a similar power dependence empirically identified in the seminal work of S72, which has served as the basis of the gyrochronology method to determine stellar ages from stellar rotation measurements. Our empirically-derived magnetism-age relation could be used as a way to estimate stellar ages, although it would not provide better precision than the currently adopted methods.
Theoretically, S72's relation can be explained on the basis of the simplified wind model of Weber & Davis (1967) , further assuming that a linear dynamo of the type B ∝ Ω ∝ P −1 rot is in operation. Empirically, we found that the largescale unsigned surface field |BV | scales with the rotation period of the star as |BV | ∝ P −1.32±0.14 rot or, in terms of Rossby number, |BV | ∝ Ro −1.38±0.14 . Our data, therefore, gives support for a linear-type dynamo. Our empiricallyderived relations are relevant for investigations of rotational evolution of low-mass stars and give important observational constrains for stellar dynamo studies.
We also compared the trends we found in the ZDI data to trends empirically found using Zeeman broadening measurements of magnetic field strengths |BI | . For the unsaturated stars, the similar dependences of |BI | and |BV | with Prot and Ro indicates that fields measured by ZDI (large scale) and ZB (large and small scale) are coupled to each other. This might indicate that small-and large-scale fields share the same dynamo field generation processes. For the stars in the saturated regime, saturation of |BI | occurs for Ro 0.1 at |BI | ∼ 3 kG (Reiners, Basri & Browning 2009 , essentially for M dwarfs), while for |BV | , saturation seems to have a bimodal distribution (Donati et al. 2008a ) at |BV | ∼ 10 1.7 G for the early-Ms and at |BV | ∼ 10 2.6 G for the mid-Ms. We also found saturation of ΦV at ΦV ∼ 10 24.25 Mx for Ro 0.1, but this is no longer bimodal as in the case of |BV | . Observations of more objects at low Ro are desirable to provide better constraints on the saturation of ΦV .
We also investigate how the small-and large-scale structures contribute to X-ray emission (Figures 5 and 6 ). For the unsaturated stars, these contributions between X-ray emission and |BV | or |BI | have similar slopes within 3σ, but samples with large dynamic range of |BI | are required to better constrain this result.
The plots we presented in this paper could be understood as projections of a complex, multi-dimensional distribution, dependent on quantities such as LX /L bol , |BV | , rotation, age and internal structure. In Figure 7 , we offered a possible interpretation of this distribution in the threedimensional space of { |BV | , Ro, LX/L bol }. In this view, the unsaturated stars comprise a tight distribution of points, while the saturated objects give rise to a saturation 'plane' (instead of a plateau), where objects of different masses are located at different regions (shown as blue stripes in Figure 7) .
New nIR spectropolarimeters, such as SPIRou (e.g., Delfosse et al. 2013) , currently under-construction for the Canada-France-Hawaii telescope, will be ideally suited for further comparison between the ZB and ZDI techniques. It will allow magnetically sensitive, Zeeman broadened, lines to be measured within the same spectra as used to reconstruct magnetic maps, thereby allowing a more direct comparison between |BV | and |BI | . of our stars are members of associations and open clusters), most of them do not have assigned errors. In this paper, we have adopted a conservative error estimate of 0.434 dex in log t for all the stars in our sample. This is equivalent to adopting σt = t and accounts for the fact that the ages of older stars are in general more poorly constrained than the ages of younger ones.
A2 Magnetic field measurements
In the present work, the unsigned surface magnetic field strength |BV | and flux ΦV are calculated based on the radial component of the observed surface field. We have adopted in this paper a conservative error of σΦ V = ΦV and σ |B V | = |BV | . This results in an error of about 0.434 dex in log( |BV | ) and log(ΦV ). Note that in the derivation of magnetic fluxes, we have not taken into consideration errors in the radii of stars.
We have also verified the effects of the spatial resolution on the field recovered by the ZDI technique, by artificially restricting the spherical harmonic expansion to low orders. We showed that the different spatial resolution of the data considered here does not generate bias in the derived |BV | and ΦV , and, consequently, that our derived relations are robust. More details of this analysis are provided in footnote 3.
A3 X-ray luminosities
Because of coronal variability, it is likely that the values of LX presented in Table 1 are not the same as one would have derived if X-ray observations were to occur simultaneously with spectropolarimetric ones. For the Sun, it is observed that during its activity cycle, the X-ray luminosity varies from 0.27 to 4.7×10 27 erg s −1 at minimum and maximum phases, respectively (Peres et al. 2000) . This represents a variation of about 90% from an average luminosity between these two extremes. Likewise, it is expected that stars also show X-ray variability during their cycles. To account for possible variations in LX over stellar cycles, we have assigned an error of 0.651 dex in log LX for all the objects in our sample, which is equivalent as assuming σL X = 1.5LX .
A4 Rotation periods
Rotation periods are usually well constrained in the literature. In light of that and that errors are significantly larger for ages, magnetic fields and X-ray luminosities, we have neglected errors in rotation periods.
A5 Rossby numbers
In the literature, Rossby numbers Ro are usually preferred over rotation periods as they allow comparison across different spectral types, yielding tighter correlations (e.g., compare Figures 3 and 4) . In this work, we did not assign errors to the computed Ro, but we caution that, to compute Ro, one needs to know the convective turnover time τc. To produce Figure 4 and the results shown in Table 2 , we adopted τc from Landin, Mendes & Vaz (2010). Because we used the Table A1 . Power-law indices p (Y ∝ X p ) computed by linear least-squares fit to logarithms for Rossby numbers calculated using different approaches: LMV2010 use the theoretical derivation of τc from Landin, Mendes & Vaz (2010) , BK2010 from Barnes & Kim (2010) and W2011 use the empirical derivation of τc from Wright et al. (2011) . The fits only consider non-accreting F, G, K, M dwarf stars. In spite of the use of different relations to compute τc, all the fits are consistent with each other within 2σ.
|B V | Ro −1.130 ± 0.087 −1.051 ± 0.084 −1.41 ± 0.12 Φ V Ro −1.143 ± 0.083 −0.952 ± 0.095 −1.31 ± 0.11 same model to compute Ro for all our non-accreting stars, these data points should have similar systematic errors. However, we remind the reader that τc and, consequently, Ro are model-dependent quantities. To investigate the robustness of our relations against Ro for the nonaccreting stars, we calculated Ro using two other different approaches. In the first approach, we interpolated from τc listed in Barnes & Kim (2010) , derived for an age of 500 Myr. As the internal structure of the star does not change significantly after it has entered in the MS phase, τc should not change considerably, such that values listed by Barnes & Kim (2010) can still provide a reasonable estimate of Ro. In the second approach, we computed Ro using the empirical τc-M relation found by Wright et al. (2011) . Table A1 summarises the power-law indices found when Ro was computed using τc from the models of Landin, Mendes & Vaz (2010 and Barnes & Kim (2010 and the empirically-derived relation from Wright et al. (2011 . The power-law indices derived from the theoretical models (LMV2010 and BK2010) are essentially identical within 1σ. Comparing these indices with the ones derived using the empirical determination of Ro (W2011), we again found reasonably good agreement (within 2σ). This shows that the relations we found against Ro are robust and, overall, are not significantly affected by the method adopted to derive τc.
